Huntington's disease (HD) is the most common neurodegenerative disorder for which no effective cure is yet available. Although several agents have been identified to provide benefits so far, the number of therapeutic options remains limited with only symptomatic treatment available. Over the past few years, we have demonstrated that sphingolipid-based approaches may open the door to new and more targeted treatments for the disease. In this study, we investigated the therapeutic potential of stimulating sphingosine-1-phosphate (S1P) receptor 5 by the new selective agonist A-971432 (provided by AbbVie) in R6/2 mice, a widely used HD animal model. Chronic administration of low-dose (0.1 mg/kg) A-971432 slowed down the progression of the disease and significantly prolonged lifespan in symptomatic R6/2 mice. Such beneficial effects were associated with activation of pro-survival pathways (BDNF, AKT and ERK) and with reduction of mutant huntingtin aggregation. A-971432 also protected blood-brain barrier (BBB) homeostasis in the same mice. Interestingly, when administered early in the disease, before any overt symptoms, A-971432 completely protected HD mice from the classic progressive motor deficit and preserved BBB integrity. Beside representing a promising strategy to take into consideration for the development of alternative therapeutic options for HD, selective stimulation of S1P receptor 5 may be also seen as an effective approach to target brain vasculature defects in the disease.
Introduction
Huntington's disease (HD) is the most common rare brain disorder characterized by progressive striatal and cortical degeneration and associated motor, cognitive and behavioural disturbances (1) . The disease-causing mutation is a polyglutamine (polyQ) repeat expansion (>36 repeats) within huntingtin (Htt), a ubiquitous protein whose functions are not yet completely elucidated (2) . Expansion of the polyQ stretch endows mutant Htt (mHtt) with toxic properties, and results in the development of a broad array of cell dysfunctions in neuronal and non-neuronal cell populations (2) (3) (4) .
A number of evidence demonstrates that an aberrant sphingolipid homeostasis represents an additional pathological event that may contribute to the pathogenesis of the disease (5) (6) (7) (8) . In this context, defective expression of the enzymes involved in the metabolism of sphingosine-1-phoshate (S1P) with the consequent reduction in its levels, may represent a critical pathological determinant in both experimental models and human patients (7, (9) (10) (11) (12) . S1P is a potent signaling bioactive sphingolipid that acts intracellularly as a second messenger and extracellularly in an autocrine and paracrine fashion by activating five known G protein-coupled receptors, S1PR 1-5, which are ubiquitously expressed throughout the body and in the central nervous system (CNS) (13) . Among all, S1PR 5 is preferentially expressed in oligodendrocytes, where it may regulate lipid content and myelination (14) and in brain endothelial cells where it regulates blood-brain barrier (BBB) tight junctions (15) , whose function is critical to paracellular transport and BBB permeability (16) .
Impaired permeability of BBB has been described recently in HD in both human tissues and animal models even at early stages of the disease and it has been associated with reduced expression of Claudin-5 and Occludin (17, 18) , two key structural components of tight junction complex (16) . Defective brain vascular homeostasis may potentially be included as additional neuropathological hallmark of the disease and eventually identified as new a therapeutic target in the future.
Modulators of S1P receptors are currently used to treat different brain-related disorders (19) , including Rett Syndrome and Amyotrophic Lateral Sclerosis (ALS) for which brain vasculature defects have also been described (20) . Non-selective stimulation of S1P receptors by FTY720 (or Fingolimod), a FDA-approved drug for the treatment of multiple sclerosis, is neuroprotective and exerts disease-modifying effects also in multiple HD preclinical models (21, 22) .
In this study, we investigated the potential therapeutic benefits of a new selective brain penetrable S1PR 5 agonist, A-971432 (AbbVie) (23) in a HD animal model and explored its potential role in the maintenance of BBB integrity.
Treatment with 0.1 mg/kg (once daily) A-971432 blocked the progression of the disease and prolonged lifespan in symptomatic R6/2 mice. Interestingly, the compound delayed the onset of motor symptoms when administered early in the disease at the pre-symptomatic stage.
The beneficial effects on motor deficit were associated with activation of neuroprotective kinases AKT and ERK in the striatum, elevation in the levels of cortical brain-derived neurotrophic factor (BDNF) and with a significant amelioration of neuropathology. Beside reducing mHtt aggregation, A-971432 exerted protective action on BBB homeostasis and preserved its integrity.
Results
Chronic infusion of A-971432 prevents the worsening of motor deficit in symptomatic R6/2 mice Stimulation of S1P receptors, by the non-selective modulator FTY720, has been previously reported to be beneficial in multiple HD pre-clinical models (21, 22) . To assess any therapeutic potential of more targeted stimulation, selective activation of S1PR 5 by A-971432 was investigated in symptomatic (7-week old) R6/2 mice and in age-matched wild-type (WT) littermates. Interestingly, chronic administration of A-971432 restored normal motor function in R6/2-treated mice within the first week of treatment, and preserved them from the gradual motor deficit, classically occurring during the disease, for the entire period of the treatment (Fig. 1A and B) .
Interestingly, improved motor skills in R6/2 mice were associated with preserved body weight (Fig. 1C) , whose loss is a classical hallmark of the disease progression (21, 24) , and significantly prolonged animal lifespan (Fig. 1D) . No effects were observed in WT mice (Fig. 1A and D) and no evidence of adverse events were noted in none of the genotypes. In addition, pharmacokinetic analysis of mouse serum samples revealed an adequate exposure of A-971432 during the treatment comparable to previous studies (23) (Supplementary Material, Table S1 ).
Administration of A-971432 leads to the activation of neuroprotective pathways in the brain tissues from symptomatic R6/2 mice Our previous studies indicate that stimulation of multiple S1P receptors exerts an overall neuroprotective action, evokes the activation of prosurvival AKT and ERK cell signalling pathways and increases the production of BDNF in vivo (21) . Selective activation of S1PR 5 is also reported to sustain cell survival by promoting phosphorylation of AKT (14) .
Here, we tested the possibility that A-971432, by selectively stimulating S1PR 5 , might trigger the activation of similar prosurvival pathways in HD animals.
To this purpose, 1 h after i.p. administration of the compound, mice were sacrificed and brain tissues analyzed to assess phosphorylation rate of AKT and ERK as well as expression of BDNF. In line with our previous findings, administration of A-971432 leaded to increased phosphorylation of the two kinases ( Fig. 2A and B ) in the striatum of R6/2 mice and significantly incremented the levels of BDNF in the cortex (Fig. 2C) .
Administration of A-971432 ameliorated neuropathology in symptomatic R6/2 mice Next, with the aim of investigating any disease-modifying properties of the compound, neuropathological studies were carried out on brain tissues of R6/2 mice. First, the overall effect of A-971432 on the brain weight was evaluated. Chronic administration of A-971432 prevented the classic brain weight loss in R6/2 mice (Fig. 3A) . Importantly, the compound had the benefits of lowering also mHtt toxic aggregates; its chronic administration was associated with reduced total number of cells containing EM48-immunoreactive mHtt aggregates as well as with decreased size of single aggregates in the striatum of treated R6/2 mice with respect to untreated controls ( Fig. 3B-D) . Reduction of mHtt aggregates after A-971432 treatment was also confirmed by immunoblotting analysis which showed a decrease of EM48-positive signal in the stacking part of the gel (Fig. 3E and Supplementary Material, Fig. S1 ).
Administration of A-971432-protected symptomatic R6/2 mice from progressive BBB dysfunctions Impairment of BBB permeability and reduced expression of the tight junction proteins, Claudin-5 and Occludin, has been recently described in R6/2 mice (17, 18) . BBB homeostasis is a quite complex condition and endothelial S1PR 5 in the brain has been reported to contribute to its integrity through regulation of tight junction protein levels (15, 23) .
In the light of that, we explored the possibility that the selective targeting of S1PR 5 , by A-971432, might regulate BBB permeability in symptomatic R6/2 mice, the only HD animal model where altered BBB is clearly described (17, 18) . To this purpose, at the end of the treatment, BBB leakage was assessed in symptomatic R6/2 mice and age-matched WT littermates, through the analysis of FITC-albumin extravasation into brain parenchymal as described previously (18) .
Interestingly, in line with our expectation, chronic infusion of A-971432 attenuated the classic progressive BBB leakage and therefore the FITC-albumin extravasation in striatal parenchyma ( Fig. 4A and B) . analysis of AKT (A) and ERK (B) phosphorylation levels in striatal tissues from vehicle-and A-971432-treated R6/2 mice at 11 weeks of age. Data are represented as mean 6 SD. (HD, N ¼ 5 þ 6). *, P < 0.05; ***, P < 0.001 (unpaired t-test). Representative cropped western blottings and densitometric analysis of BDNF protein in cortical tissues from the same mice (C). Data are represented as mean 6 SD. N ¼ 5 for each group of mice. ***, P < 0.001; ****, P < 0.0001 (one-way ANOVA with Tukey post-test). vs. A971432-treated R6/2 mice). ££, P < 0.01; £££, P < 0.001 (A-971432-treated WT vs. A-971432-treated R6/2 mice). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P< 0.0001 (vehicle-treated R6/2 vs. A-971432-treated R6/2 mice). # , P < 0.05; ## , P < 0.01; ### , P < 0.001; #### , P < 0.0001 (vehicle-treated WT vs. vehicle-treated R6/2 mice). $, P < 0.05; $$$, P < 0.001; $$$$, P < 0.0001 (A-971432-treated WT vs. vehicle-treated R6/2 mice) (two-way ANOVA with Bonferroni post-test).
Also, in order to further consolidate the association between tight junction stability and BBB leakage, levels of Occludin and Claudin-5 were examined in the treated mice. Immunoblotting analysis showed that chronic infusion of A-971432 significantly prevented the characteristic decrease in the expression of both proteins (Fig. 4C ). The effect of the compound on tight junction proteins was also confirmed in WT mice (Supplementary Material, Fig. S2 ).
Early infusion of A-971432 preserved BBB integrity and delayed the onset of motor symptoms in R6/2 mice
We have recently demonstrated that first signs of BBB impairment become evident early in the disease in R6/2 mice, even before overt motor symptoms appear (18) . Here, we explored the possibility that stimulation of S1PR 5 might contribute to clarify any potential link between impairment of BBB integrity and disease onset. Thus, the ability of A-971432 to influence the occurrence of disease symptoms and to impact on BBB homeostasis was explored in mice that received the compound starting from the pre-symptomatic (4-week old) stage of the disease (Figs 5 and 6). After 2 weeks of treatment, at the age of 6 weeks, when motor deficit is classically fully detectable in R6/2 mice (Fig. 5) , A-971432 preserved normal motor function in treated mice with respect to untreated controls. Interestingly, treatment prevented the FITC-albumin extravasation, normally associated with this stage of the disease (18) (Fig. 6A and B) . From biochemical point of view, maintained homeostasis of BBB after A-971432 was associated with normal levels of Occludin protein (Fig. 6C ), but reduced levels of Claudin-5 (Fig. 6D) .
Early administration of A-971432 suppresses aggregation of mHtt in the CNS blood vessels
Evidence shows accumulation of mHtt aggregates in brain vasculature of symptomatic R6/2 mice and human HD post mortem brains (17) and, the resulting compromise of the cerebral vasculature is suggestive of BBB damage in the disease (17) . Here, with the aim to investigate whether there exists a possible link between BBB impairment and mHtt aggregation, we examined mutant protein organization in the wall of carotid arteries, normally considered a model for brain vasculature (25) , from A-971432-treated and untreated R6/2 mice. Interestingly, maintained BBB homeostasis in A-971432-treated HD mice was associated with an attenuation of EM48-positive mHtt aggregate in carotid vessels as qualitatively detected by histological analysis (Fig. 7A ). This result was quantitatively confirmed by immunoblottings that showed a significant decrease of SDS-insoluble mHtt aggregates as detected by EM48 antibody in the stacking part of the gels (Fig. 7B, C and D) .
Discussion
Although numerous molecules have been screened for the development of new treatments for HD, the identification of novel and effective targets remains of great interest in HD. We and others have largely contributed to the recognition of S1P metabolism as new potential therapeutic target, and demonstrated that nonselective modulation of S1P receptors may represent an effective treatment in HD preclinical models (7, 9, 11, 21, 22, 26) .
In this study, we demonstrated for the first time, that A-971432, a new selective S1PR 5 agonist, is therapeutically effective in R6/2 mice, a widely used and well-characterized HD In each immunoblotting, all samples were run on the same gel. Non-adjacent samples were separated by a black line. N ¼ 5 for each group of mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (one-way ANOVA with Tukey post-test).
animal model (27) which recapitulates many of the features of human pathology (28) (29) (30) (31) (32) . Chronic administration of A-971432 protected symptomatic R6/2 mice from progressive motor deficit, normally associated with the disease course, and most importantly significantly delayed the onset of disease symptoms when administered in pre-symptomatic stage in the same mice.
Treatment with A-971432 exerted beneficial effect on physical well-being of the disease mouse model; it preserved normal body weight and significantly extended lifespan. From the mechanistic point of view, it is still unknown the exact underlying molecular mechanism, however, our findings revealed relevant molecular and neuropathological changes. Stimulation of S1PRs is generally associated with activation of cell signalling cascade (33) . Coherently, A-971432 leaded to the activation/ phosphorylation of pro-survival kinases AKT and ERK in brain tissues from HD mice. This is particularly important in the context of HD in which such kinase pathways are defective (34) (35) (36) and whose stimulation results neuroprotective (5, (37) (38) (39) . Also, A-971432-increased levels of the neurotrophin BDNF, whose signalling pathways have been reported to be aberrant in different neurodegenerative disorders (40, 41) , including HD (42), and whose restoration and/or enhanced bioavailability is widely described to provide major support for striatal neurons (43) also in R6/2 mice (44,45).
The molecular mechanisms by which A-971432 exerts beneficial effects in HD remain to be further elucidated, however, our results are coherent with other findings showing a correlation between stimulation of S1P axis and activation of neuroprotective pathways in pre-clinical models of a number of brain disorders, including HD (21, 46, 47) .
Increased production of BDNF after A-971432 may likely represent the driving mechanism of neuroprotection in our study. Hypothetically it can be either a direct result of S1PR 5 stimulation or an independent intracellular response, possibly related to the activation of AKT and ERK pathways (41,48-50).
Preservation of normal motor function after A-971432 administration in R6/2 mice well correlated with signs of neuroprotection like prevented loss of brain weight and dramatic reduction of EM48-positive mHtt aggregates in the striatum. Although it is still debated whether aggregates are the toxic mHtt species (51) , interventions aimed at reducing their levels are beneficial in different HD models (52) .
A strong point of this study is the protective effect that A-971432 has on BBB in vivo. In particular, attenuation of BBB leakage, detectable through the FITC-albumin extravasation in the brain parenchyma, is found after treatment either if started at symptomatic or at pre-symptomatic stage of the disease.
From a molecular standpoint, this 'functional' result was associated with an increased expression of the tight junction proteins, Occludin and Claudin-5, that are directly involved in regulating the integrity and proper functioning of the BBB (53, 54) . Pharmacological elevation of both Claudin-5 and Occludin levels increases trans-endothelial electrical resistance and decreases endothelial permeability (55, 56) . Interestingly, A-971432 has been reported to serve also as increaser of electrical resistance in an in vitro model of BBB integrity (23) .
The protective action that A-971432 exerts on the BBB is likely attributable, at least in part, to the ability of the compound to maintain the normal function of tight junction by regulating the levels of key proteins like Occludin and Claudin-5. The effect of A-971432 administration on protein levels indicates that the compound is able to either restore normal protein setting in the tight junction organization or to partially prevent the characteristic reduction the proteins Occludin and Claudin-5 classically meet during the disease course (18) .
The link between S1PR 5 activation and change in the levels of tight junction protein is still under investigation in HD, however, in vitro available evidence demonstrates that the down regulation of the receptor leads to a reduction of Claudin-5 expression (15) . Whether this is directly dependent on S1PR 5 or secondary to downstream activated pathways is not clear yet, however, recent studies demonstrated that BDNF per se may modulate expression of both Occludin and Claudin-5 proteins in intestinal barrier (57, 58) .
Albeit A-971432 administered at the pre-symptomatic stage, failed to preserve levels of Claudin 5, R6/2 mice remained protected from BBB leakage. Although not clear yet, these finding suggest that the protective effect of A-971432 on BBB homeostasis may likely contemplate the involvement of a plethora of events ranging from functional to structural changes.
Indeed, beside other effects, A-971432 reduced the formation of mHtt aggregates in carotid arteries, which, albeit do not represent the classical brain vessels, may likely mirror brain vasculature response to the treatment.
How mHtt aggregates affect brain vascular system is not clear yet and further studies are certainly needed, however, evidence indicates that mHtt may affect endothelial architecture or interfere with transcytosis and para-cellular transport (17) . mHtt aggregates have been detected inside multiple components of the neurovascular unit like endothelial cells and pericytes (17) for which, S1P receptors, including S1PR 5 , contribute to proper functioning (15, 59) . In light of that, it is conceivable that reduction of mHtt aggregates, in vascular unit, may ameliorate vascular function and ultimately contribute to the BBB homeostasis.
To our best knowledge, this is the first and only evidence demonstrating that stimulation of S1PRs is critical for the structural and functional preservation of BBB in HD, whose impairment is becoming increasingly implicated in the pathogenesis of the disease. The significance of the interplay between defect of BBB and HD pathology still remains to be fully understood, however, our findings support the idea that compromised BBB seems to be strongly associated to first signs of the disease.
Recent evidence demonstrates that induction of neurovascular breakdown at pre-symptomatic stages of the disease in an animal model of ALS significantly accelerates motor symptoms and shortened mouse lifespan (20) . Further studies are strongly warranted to establish any interdependency between these two events in HD.
Our findings are supported by current evidence sustaining a significant role for S1P signalling as a key determinant of BBB permeability and brain homeostasis and hence as a potential pathogenic player or therapeutic target in diseases characterized by both BBB dysfunction and neurodegeneration (60) .
In this context, the therapeutic action of the S1PR 5 stimulation , by A-971432, in HD mice may represent a valuable 'druggable' target to develop more targeted and effective therapeutic approaches for the treatment of poorly explored aspects associated to the disease. Furthermore, the protective action that the compound exerts on the brain neuropathology indicates that A-971432 may serve also as a disease-modifying molecule with a great therapeutic potential. What makes A-971432 a very attractive compound is that stimulation of S1PR 5 may have more limited immune suppressive and side effects as compared with drugs that either activate other S1P receptors (61, 62) or have additional targets, as reported for FTY720, which may antagonize cannabinoid receptors (63) , already reported to be down-regulated in HD (64). A-971432-treated R6/2 mice at 6 weeks of age and age-matched WT controls. WT, N ¼ 4; HD ¼ 5 þ 6. *, P < 0.05; **, P < 0.01 (one-way ANOVA with Tukey post-test). CTVF, corrected total vessel fluorescence. Scale bar in the merge monograph represents 100 mm. Representative cropped western blottings and densitometric analysis of Occludin (C) and Claudin-5 (D) proteins in striatal tissues from vehicle-and A-971432-treated mice at 6 weeks of age. N ¼ 5 for each group of mice. **, P < 0.01; ***, P < 0.001 (one-way ANOVA with Tukey post-test).
A possible limitation of the study is the choice of only one animal model. However, R6/2 HD mice reflect, more than other pre-clinical models (65, 66) , the BBB abnormalities characterizing human HD pathology (17, 18) and, therefore, they represent the best model available at moment for studying such structural defect and for eventually developing potential therapies.
Although our data need to be complemented by further studies, the present findings might contribute to figure out whether and how specific BBB drug targets can be approached in the future.
Our work may suggest important implications for disease pathogenesis and may help in formulating several new therapeutic strategies in humans. Such strategies may be designed either to directly target brain vascular structural abnormalities (i.e. tight junction proteins and/or other BBB components) or to develop sphingolipid-based approaches. In this context, A-971432 may represent a suitable drug for future clinical testing in HD.
Collectively, our findings demonstrate a potential correlation between BBB defects and the onset of motor deficits in HD and provide the first evidence that brain vasculature may represent a novel target for the development of novel therapeutic interventions for the disease. In vivo experiments were carried out in both R6/2 mice and WT littermates, starting from 3 or 7 weeks of age. To ensure homogeneity of experimental cohorts, mice from the same F generation were assigned to experimental groups, such that age and weight were matched. In total, 50 female R6/2 transgenic mice and 40 female WT littermates were used in this study. In order to reduce the number of animals used for this study, where possible, multiple biochemical analyses, evaluation and record of motor function were conducted on the same group of mice.
Materials and Methods

Animal model
All animals used for biochemical and histological experiments were euthanized at fixed time points. Mice used for lifespan analysis died naturally.
In-vivo drug administration
A-971432 was dissolved in DMSO, further diluted in saline (vehicle) and daily administered by intraperitoneal (i.p.) injection at dose of 0.1 mg/kg of body weight starting either at 4 of age or 7 weeks of age as described previously (23) . Control mice (WT and R6/2) were daily injected with the same volume of vehicle containing DMSO.
Motor behavior tests
Motor performance was assessed by Horizontal Ladder Task and Rotarod tests as described previously (21, 67) . All tests took place during the light phase of the light-dark cycle and mice were tested before and after the initiation of the treatment at the indicated time points.
Brain lysate preparation
In order to clearly detect transient protein post-translation modification, like phosphorylation, mice were sacrificed within 1 h from the last treatment by cervical dislocation and brains were removed from the skull, weighed and bisected. Brains were immediately snap-frozen in liquid N 2 and pulverized in a mortar with a pestle. Pulverized tissue was then homogenized in lysis buffer containing 20 mm Tris, pH 7.4, 1% Nonidet P-40, 1 mm EDTA, 20 mm NaF, 2 mm Na 3 VO 4 and protease inhibitor mixture (Santa Cruz, Cat. N. sc-29131), sonicated with 2 Â 10 s pulses and then centrifuged for 10 min at 10 000g. Protein concentration was determined by Bradford method. 
Analysis of striatal mHtt aggregates
WT and R6/2 mice were sacrificed by cervical dislocation. Brains were removed and trimmed by removing the olfactory bulbs and spinal cord. The remaining brain was processed and embedded in paraffin wax and 10 lm coronal sections were cut on an RM 2245 microtome (Leica Microsystems). Five mice/ group (n ¼ 5) were used and four coronal sections spread over the anterior-posterior extent of the brain (200-300 lm inter-section distance) were scanned. For each coronal section, a total number of 5 fields at 63Â magnification were analyzed. Immunostaining for mHtt aggregates was carried out by using EM48 antibody (1: 200) (Millipore, Cat. N. 5374) as described previously (21) . The average number of mHtt aggregate-containing cells per brain section was quantified by ImageJ software. For the immunoblotting analyses, cell lysate (40 lg) was resolved on 10% SDS-PAGE, entire gel, including the stacking portion, was transblotted over-night a 250 mV in 0.05% SDS and 16% methanol-containing transfer buffer (67) . Membrane was blocked in 5% non-fat dry milk TBST for 1 h and successively immunoblotted with EM48 and/or anti Htt Mab2166 (Millipore) antibodies (both 1: 1000). A monoclonal anti-mouse HRP-conjugated antibody (Santa Cruz, Cat. N. sc-2005) was used as secondary antibody. Protein bands were visualized by ECL Plus (GE Healthcare).
Evaluation of blood-brain barrier permeability BBB integrity was evaluated using FITC-Albumin (10 mg/ml in PBS at 10 ml/kg) (Sigma, Cat. N. A9771-100 MG) combined with Laminin (1: 1000) (Novus Biological, Cat N. NB300-144) immunostaining as described recently (18) . A goat anti-rabbit CY3-conjugate (Millipore, Cat. N. AP132) was used as secondary antibody.
Fluorescence intensity for each single channel was analyzed by ImageJ software. Total fluorescent signal intensity of the FITC-albumin was normalized by the total CY3-Laminin fluorescent intensity per each image and reported as 'corrected total vessel fluorescence' (CTVF) as described (18, 68, 69) .
Analysis of mHtt aggregates in carotid arteries
Mouse vessels were processed and embedded in paraffin wax and 10 lm coronal sections were cut on an RM 2245 microtome (Leica Microsystems). Immunostaining for mHtt aggregates was carried out by using EM48 antibody (1: 200) as reported above.
In the immunoblotting experiments, mouse carotid arteries were snap-frozen in liquid N 2 and pulverized in a mortar with a pestle. Pulverized tissue was then homogenized in 50 ml of lysis buffer containing 20 mm Tris, pH 7.4, 1% Nonidet P-40, 1 mm EDTA, 20 mm NaF, 2 mm Na 3 VO 4 and protease inhibitor mixture (Santa Cruz, Cat. N. sc-29131), sonicated with 2 Â 10 s pulses and then centrifuged for 10 min at 10 000g. Total protein lysate was then resolved on SDS-PAGE. Stacking gel portion was removed from the separating gel and transblotted over-night a 250 mV in 0.05% SDS and 16% methanol-containing transfer buffer. Membrane was blocked in 5% non-fat dry milk TBST for 1 h and successively immunoblotted with EM48 antibody (1: 500) and anti-Laminin antibody (1: 1000) (Novus Biological, Cat N. NB300-144). HRP-conjugated monoclonal and polyclonal antibodies (Santa Cruz, Cat. N. sc-2005 and sc-2004, respectively) were used as secondary antibodies. Protein bands were visualized by ECL Plus (GE Healthcare). Ponceau red staining was used as loading control.
Statistics Two-way ANOVA followed by Bonferroni post-test was used to compare treatment groups with the Horizontal Ladder Task and Rotarod tests as well as for mouse body weight analysis. Log-rank test was used to analyze mouse survival. Two-tailed unpaired t-test and one-way ANOVA were used in all other experiments as indicated. All data were expressed as mean 6 SD or as mean 6 S.E.M. as indicated.
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